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ABSTRACT
The Hubble Space Telescope’s Wide Field and Planetary Camera 2 (WFPC2) has
several advantages over ground–based observations for the study of globular cluster lu-
minosity functions (GCLFs) and distance determination. Here we present WFPC2 data
on the globular clusters associated with NGC 5846. This giant elliptical is the domi-
nant galaxy in a small, compact group located ∼ 13 Mpc beyond the Virgo cluster. We
have detected over 1200 globular clusters in three (central, north and south) separate
pointings. The luminosity function in each of these pointings are statistically the same,
indicating that the mean luminosity (mass) does not vary between ∼ 3 and 30 kpc from
the galaxy center. This suggests that dynamical friction and bulge shocking destruction
processes are insignificant. We have fit a Gaussian and t5 profile to the GCLF (of the
combined pointings) and find that it is well represented by a turnover magnitude of m0
V
= 25.05 ± 0.10 and a dispersion of σ = 1.34 ± 0.06. Our 50% completeness level is ∼ 1
mag fainter than the turnover. After applying a metallicity correction to the ‘universal’
GCLF turnover magnitude, we derive a distance modulus of (m–M) = 32.32 ± 0.23. For
a group velocity VCMB = 1883 ± 28 km s
−1, the Hubble constant is H◦ = 65 ± 8 km
s−1 Mpc−1.
1Based on observations with the NASA/ESA Hubble Space Telescope, obtained at the Space Telescope Science Institute, which is
operated by AURA, Inc., under NASA contract NAS 5–26555
1
1. Introduction
Significant advances have been made recently in
the measurement of extragalactic distances, which are
summarized in the proceedings of the Space Telescope
Science Institute workshop on ‘The Extragalactic Dis-
tance Scale’. As expected, the Hubble Space Telescope
(HST) has contributed to more than one of the dis-
tance determination methods. Most of the published
results, so far, relate to the Cepheid Variable method
(e.g. Freeman et al. 1994; Mould et al. 1995; Kel-
son et al. 1996) and the globular cluster luminosity
function (GCLF) method (e.g. Baum et al. 1995;
Whitmore et al. 1995; Forbes 1996a,b). In the case
of the GCLF method, the ‘standard candle’ is the
magnitude of the turnover, or peak, in the luminosity
function of a galaxy’s globular clusters. The method
can be applied to both spiral and elliptical galaxies.
The main assumption inherent in this method is that
the GCLF turnover magnitude is constant (with a
value of M0
V
∼ –7.5). Observations with the HST im-
prove the precision of GCLF studies in several ways;
namely, accurate photometry to fainter magnitudes
than typically obtained from the ground, no blending
of globular clusters in the central galaxy regions and
very low contamination as most stars and galaxies can
be easily excluded. This improved precision helps to
address the issue of a universal GCLF and provide an
independent estimate of the Hubble constant.
In this paper we present a GCLF of NGC 5846
from Wide Field and Planetary Camera 2 (WFPC2)
observations. NGC 5846 is a giant elliptical galaxy at
the center of a small, compact group of galaxies. Ex-
tended X–ray emission from hot gas has been detected
out to ∼ 100 kpc (Biermann, Kronberg & Schmutzler
1989). The inferred virial mass and cooling flow rate
are similar to those of M87. Harris (1991) lists a GC
specific frequency (relative richness) of SN = 2.6 ±
1.9, which is somewhat low for an elliptical galaxy
and much less than that for M87 (SN = 14 ± 3). The
distance to NGC 5846 is about 30 Mpc, which places
it ∼ 13 Mpc beyond the Virgo cluster. It lies about 30
degrees on the sky from Virgo, and out of the plane of
the local supercluster. These features make it partic-
ularly interesting for constraining galaxy bulk flows.
In this paper we will focus on the GCLF of NGC
5846 and use it to derive the galaxy’s distance mod-
ulus. Our WFPC2 imaging consists of three separate
pointings which allows us to explore the variation of
the luminosity function with galactocentric distance.
A future paper (Forbes et al. 1997) will explore the
color and spatial properties of the NGC 5846 GC sys-
tem.
2. Observations and Data Reduction
We obtained F555W (V) and F814W (I) images of
NGC 5846 at three separate pointings (central, north
and south) with the WFPC2 of HST. The data were
obtained in 1996 April 14 for the central pointing,
April 28 for the ∼ 1.5 arcmin north pointing and April
24 for the ∼ 2.5 arcmin south pointing. The exposure
times were all 900, 1300 secs for the F555W, and 900,
1400 secs for F814W. After alignment, each pair of
images were combined using the STSDAS task gcom-
bine weighted by exposure time.
The detection of GCs was carried out using DAOPHOT
(Stetson 1987) in a manner similar to that described
in Forbes et al. (1996). A signal-to-noise threshold
of 4 per pixel, ‘sharpness’ range of 0.55 to 1.1 and
roundness of –1 to 1 was used for the initial detection
of GCs. The two filters were processed separately, so
that the F555W and F814W GC candidate lists are
independent. As we measured 2 pixel radius aperture
magnitudes, an aperture correction to a 0.5
′′
aper-
ture was applied based on Table 2 of Holtzman et
al. (1995), i.e. 0.39 and 0.19 for the F555W Plan-
etary Camera (PC) and Wide Field Camera (WFC)
CCDs, and 0.54 and 0.23 for the F814W PC andWFC
CCDs. We then used the transformations from Ta-
ble 7 of Holtzman et al. (1996), for a gain setting of
7, to convert magnitudes into the standard Johnson–
Cousins V, I system. Finally we corrected for Galactic
extinction of AV = 0.11 and AI = 0.05 (Faber et al.
1989).
The candidate GC lists were then compared to the
known positions and counts of hot pixels. When the
photometry would be affected by more than 2% we
excluded those GCs from the list (typically half a
dozen per CCD). A FWHM size selection was also
made. In this case objects with sizes less than 1 pixel
or greater than 3 pixels were excluded. Visually ob-
jects with FWHM size > 3 pixels are clearly galaxies.
From a simulation of the large Galactic GC Omega
Cen (Grillmair 1995) we expect all GCs at the dis-
tance of NGC 5846 to be well within the 3 pixel size
limit. The typical GC in our data has a FWHM size
∼ 1.6 pixels. Finally a visual check is performed on
all images to see if any obvious spurious objects re-
main. After these criteria have been applied, we are
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confident that the contamination from cosmic rays,
hot pixels, foreground stars and background galaxies
is small (order of a few percent) in our object list. An
example of our final selection of GCs is given in Fig.
1 (Plate ***), in which we show part of a Wide Field
Camera CCD with the selected GCs indicated.
It is important to note that we have not made any
selection based on color. In this paper we will use only
the V band data (which is of higher signal-to-noise
than the I band data). The color–selected sample
suggests a bimodal V–I color distribution. Examina-
tion of the luminosity function of the blue and red
subsamples reveals that there is no statistical differ-
ence between them (as given by a K–S test). Thus
we can analyze the total V band data irrespective of
color.
3. Modeling
3.1. Completeness Function
It is crucial for GCLF studies to quantify the abil-
ity of DAOPHOT to detect GCs as a function of
magnitude (called the completeness function). This
is achieved by simulating GCs and then re–running
DAOPHOT with the same detection parameters and
selection criteria as for the real data. As discussed
below, we find no statistical difference between the
fraction of actual detected GCs in all three pointings.
This indicates that both the intrinsic GCLF and the
completeness function do not vary from one pointing
to another. We have chosen to carry out the sim-
ulation on WFC CCD 3 of the north pointing. We
simulated a total of 1000 artificial GCs with V > 25.
The fraction of detected GCs compared to those cre-
ated, in 0.1 mag bins, gives the completeness function
which is shown in Fig. 2a.
We find that all GCs brighter than V ∼ 25 were
detected, whereas at V = 25.95 we are 50% incom-
plete. The profile shape is similar to that determined
by Forbes (1996a) from short exposure time WFPC2
data of NGC 4365, and our 50% incompleteness level
is close to that expected based with our improved
signal-to-noise data. For the subsequent analysis the
completeness function is set to zero for magnitudes
fainter than V = 25.95 in order to avoid incomplete-
ness corrections larger than a factor of two.
The completeness function shown in Fig. 2a is
appropriate for the WFC CCDs. The PC CCD is
expected to have a lower point source sensitivity by
∼0.3 mags given its smaller pixels (Burrows et al.
1993). We have also simulated 1000 artificial GCs
in a PC CCD and derived its completeness function.
It is similar in shape to the WFC function but shifted
to brighter magnitudes as expected. We have decided
to crudely correct the PC magnitude data by the ra-
tio of the WFC to PC completeness functions, so that
the PC data resembles the WFC data. In this paper
we will not use data from the central PC pointing as
there is some filamentary dust present but we will use
the north and south PC pointings.
3.2. Photometric Errors
Photometric, or measurement, errors are also im-
portant in GCLF studies. These can cause a shift
of the GCLF peak to brighter magnitudes, as some
of the fainter GCs, with relatively large errors, move
into brighter magnitude bins. This ‘bin jumping’ ef-
fect is described in detail by Secker & Harris (1993)
and taken into account in their maximum likelihood
technique. The DAOPHOT determined errors are fit
with an exponential of the form:
p.e. = exp [a (V – b)]
The photometric error and the fit as a function of V
magnitude are shown in Fig. 2b. There is no ap-
preciable difference between the WFC and PC CCD
photometric errors. Typical photometric errors are ±
0.05 mag at V = 24. These photometric errors (from
DAOPHOT) are similar to those found by compar-
ing the input and measured magnitudes of GCs from
simulations.
3.3. Background Contamination
Ground–based GC studies are seriously affected by
contamination. In typical ∼ 1
′′
seeing conditions,
foreground stars and background galaxies can make
up to half of any GC candidate list based solely on
magnitude (e.g. Perelmuter, Brodie & Huchra 1995).
Our situation is significantly improved as most stars
and galaxies can be easily identified with the high
spatial resolution of WFPC2. We typically exclude
2–4 stars per CCD, which is similar to that expected
from high Galactic latitude star counts (see Elson &
Santiago 1996) for the range 20 < V < 26. In order to
quantify the number of background galaxies to V =
26 we have re–run DAOPHOT with the same detec-
tion parameters on a 2400 sec WFPC2 image from the
Medium Deep Survey (MDS; Forbes et al. 1994). In
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particular the threshold is still set at 4σ (after deter-
mining the appropriate background noise in the MDS
image), and we exclude objects with FWHM sizes <
1 pixel and > 3 pixels. No color selection is applied.
We find that the number of compact galaxies is in-
significant for magnitudes V < 25. Between V = 25
and 25.95 (the 50% incompleteness level), the num-
ber of contaminating compact galaxies in our sample
approaches 20 per WFPC2 field-of-view. The lumi-
nosity function for background unresolved objects is
shown in Fig. 3.
4. Results and Discussion
As stated earlier, we will not discuss any results for
GCs in the PC CCD of the central pointing. For GCs
located on the PC CCD in the other two pointings
we have corrected their luminosity function so that
the PC probes to a similar depth as the WFC CCDs.
A consistency check on this correction is provided by
Fig. 4. Here we show the cumulative fraction of ac-
tual detected GCs in the central, north and south
pointings (WFC CCDs only) compared to that of the
north plus south pointing for the PC CCDs (after ap-
plying the correction discussed in section 3.1). This
figure shows that the detection fraction, as a function
of V magnitude, is similar between the PC and WFC
CCDs. There are no GCs brighter than V = 23 in
the PC CCDs and at magnitudes fainter than V =
25.5 background galaxies become a strong contami-
nant. Including the GCs from the PC CCDs with
the WFC CCDs gives over 1200 GCs within our 50%
completeness limit.
Forbes et al. (1996) showed that the surface den-
sity of GCs tends to flatten off in log space near the
galaxy center. The ‘core radius’ of the GC system
ranges from 1 kpc for small ellipticals to ∼ 5 kpc
for giant ellipticals. They suggested that this core
radius was not due to a destruction process. How-
ever they only had a single central pointing available
to them. Here we can critically examine the issue
of GC destruction processes. It has been suggested
that dynamical friction and bulge shocking may op-
erate in the central regions of galaxies (e.g. Aguliar,
Hut & Ostriker 1988; Murray & Lin 1992). Dynami-
cal friction will preferentially destroy high mass GCs,
and bulge shocking the low density (low mass) ones.
Thus we might expect to see a variation in the lu-
minosity function (i.e. a deficit in bright or faint
GCs respectively) with galactocentric radius. Exam-
ination of Fig. 4 shows that the detected fraction
of GCs is similar for all three pointings. This is con-
firmed statistically by a K–S test which indicates that
each pointing is consistent with having been drawn
from the same parent population. This implies that
the completeness function and the intrinsic luminos-
ity function do not vary between the three pointings.
The WFC pointings range from about 0.3 to 3 ar-
cminutes (3–30 kpc) in galactocentric radius. Thus
we confirm the suggestion of Forbes et al. (1996) that
GC destruction does not appear to be operating in the
central regions of elliptical galaxies and therefore that
the present day GC system reflects the properties of
the GCs as they were formed.
As in previous work (Forbes 1996a,b), we have used
the maximum likelihood technique of Secker & Harris
(1993) to accurately determine the GCLF peak mag-
nitude and dispersion. This technique is designed to
take proper account of detection incompleteness at
faint magnitudes, photometric error and background
contamination. The fitting procedure does not use
binned data but rather treats all data points individ-
ually. We fit both Gaussian and t5 profiles (Secker
1992). After fitting the GCLF for the Wide Field
Camera data set, we find the best estimate and un-
certainty of a Gaussian profile to be m0
V
= 25.03 ±
0.10 and σ = 1.29 ± 0.06. These errors represent the
collapsed one–dimensional confidence limits for one
standard deviation. An increase in the photometric
errors to the upper envelope of Fig. 2b changes m0
V
and σ by less than 1%. In Fig. 5 we show the prob-
ability contours for the Gaussian fit. The dispersion
for the t5 profile is σt = 1.01, which is theoretically
related to the Gaussian dispersion by σG ∼ 1.28σt.
We note that NGC 5846 has a similar t5 dispersion
to the Milky Way GC system (σt ∼ 1.1) and some-
what less than is typical for Virgo ellipticals (Secker
& Harris 1993). If the GCs on the two PC CCDs
are included in the GCLF, then the turnover magni-
tude is fainter by ∼ 0.1 mag and the dispersion in-
creases by 0.05 mag. For a t5 profile, the turnover
is ∼ 0.1 mag brighter. The best–fit Gaussian profile
is superposed over a binned GCLF in Fig. 6. Note
that the actual fitting procedure does not use binned
data. For our field-of-view, we have detected about
80% of all expected GCs, i.e. ∼ 20% are too faint.
Our 50% completeness level is about 1 mag fainter
than the turnover and so the bias of the type dis-
cussed by Secker & Harris (1992) is minimal. From
their figure 6 we have included a correction of 0.05
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mag in the turnover (making it fainter) and 0.04 in
the dispersion (making it larger). The bias corrected
results are given in Table 1.
We calculate the distance modulus from the turnover
magnitude assuming the ‘universal value’ for the turnover
is M0
V
= –7.62 with an external error of ± 0.2
(Sandage & Tammann 1995). This universal value
is then made fainter by a metallicity–based correc-
tion following Ashman, Conti & Zepf (1995). In the
absence of a spectroscopic metallicity for the GC sys-
tem, we can estimate the metallicity from the mean
color. Combining our data from the three pointings
gives a mean V–I of ∼ 1.15. This corresponds roughly
to [Fe/H] = –0.29 (Couture, Harris & Allwright 1990),
and therefore a correction of ∆M0
V
∼ 0.35 is required.
The resulting distance moduli from the Gaussian and
t5 fits are also given in Table 1. We estimate the er-
ror on the distance modulus to be the quadrature sum
of the following errors: photometric zeropoint (0.05),
charge transfer efficiency effects (0.03), aperture cor-
rection (0.03), extinction correction (0.02), variation
in M0
V
(0.2) and variation in m0
V
(0.10). The error
associated with the metallicity correction of Ashman
et al. (1995) is dominated by the error in M0
V
. These
errors give a total of 0.23 magnitudes. Taking the av-
erage of the fits, we find (m–M) = 32.32 ± 0.23 and a
distance of 29 ± 3.3 Mpc. NGC 5846 is the dominant
elliptical in the group and lies at the center of the
X–ray emission. It’s velocity is within 30 km s−1 of
the mean velocity for 35 galaxies in the group. Thus,
for the corrected recession velocity of NGC 5846, we
have adopted the group velocity with respect to the
cosmic microwave background, i.e. VCMB = 1883 ±
28 km s−1 (Faber et al. 1989). For a distance modu-
lus of 32.32 ± 0.23, the resulting Hubble constant is
65 ± 8 km s−1 Mpc−1. This calculation assumes that
any correction for bulk flows affecting NGC 5846 is
small, which is reasonable given that NGC 5846 lies
∼ 13 Mpc beyond Virgo (see figure 5 of Jacoby et al.
1992).
5. Conclusions
Here we present deep WFPC2 V band images of
the giant elliptical NGC 5846, observed in three sep-
arate pointings. About 1200 globular clusters are de-
tected in the three pointings, with a 50% complete-
ness limit of V = 25.95. This limit is about 1 mag-
nitude beyond the expected turnover in the globular
cluster luminosity function (GCLF) and implies we
are missing only the faintest ∼ 20% of globular clus-
ters in our field-of-view. We find that the GCLFs are
statistically the same over galactocentric radii from ∼
3–30 kpc. This places constraints on the destruction
of globular clusters via dynamical friction or bulge
shocking as these would be expected to preferentially
remove the high or low mass globulars respectively.
We have fit the combined GCLF with both Gaus-
sian and t5 profiles, using the maximum likelihood
analysis of Secker & Harris (1993). The GCLF is well
represented by a turnover magnitude of m0
V
= 25.05
± 0.1 and dispersion σ = 1.34 ± 0.06 (the two fit-
ting profiles give similar results). This demonstrates
that a turnover magnitude, accurate to 10%, can be
determined from WFPC2 data out to ∼ 30 Mpc (or
13 Mpc beyond the distance of Virgo). The distance
modulus for NGC 5846 is (m–M) = 32.32 ± 0.23, as-
suming M0
V
= –7.62 and after applying a metallicity
correction from Ashman et al. (1995). Adopting the
NGC 5846 group velocity, with respect to the cosmic
microwave background of 1883 km s−1, gives a Hub-
ble constant of 65 ± 8 km s−1 Mpc−1.
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Note added in proof
After finishing this paper, we became aware of the
I band surface brightness fluctuation measurements
of NGC 5846 which gave (m–M) = 32.11 ± 0.10
(Blakeslee & Tonry 1996, personal communication).
For VCMB = 1883 km s
−1, this corresponds to H◦ =
71 ± 4 km s−1 Mpc−1. These values are within the
errors of our measurement.
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Fig. 1.— Grey scale WFPC2 image (see attched jpeg image) of a ∼ 40
′′
× 40
′′
area located ∼ 2
′
from NGC 5846.
The selected globular clusters are indicated by black squares. The galaxy is located in the upper left direction.
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Fig. 2.— Completeness function for GC from simulations. Circles show the fraction of simulated GCs detected
in 0.1 magnitude bins. A typical error bar is shown in the lower left. Brighter than V = 25, the value is fixed to
1.0. b) Photometric error as a function of GC V magnitude determined from DAOPHOT. Circles show the data
points, and the dashed line an exponential fit to the data of the form p.e. = exp [a (V – b)].
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Fig. 3.— Luminosity function of unresolved background sources in a single high Galactic latitude 2400 sec WFPC2
image from the Medium Deep Survey (Forbes et al. 1994). Sources have been detected using the same parameters
as the globular cluster data.
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Fig. 4.— Detection of actual globular clusters normalized at V = 25.5. The three central WFC CCDs are shown
by a long dash line, the WFC CCDs of the northern pointing by a dotted line and the WFC CCDs of the southern
pointing by a short dash line. The combined data of the north and south pointings for the PC CCDs (after
correction for their lower point source sensitivity) are shown by a solid line. Fainter than V = 25.5 background
galaxies contribute strongly. The fraction of actual detected globular clusters is similar over all three pointings (a
range of ∼ 3–30 kpc).
9
Fig. 5.— Probability contours for the turnover magnitude and dispersion for a Gaussian fit from the maximum
likelihood code of Secker & Harris (1993). Contours represent 0.5 to 3 standard deviations probability limits from
the best estimate (see Table 1).
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Fig. 6.— Globular cluster luminosity function for NGC 5846. The raw data are shown by a dashed line, and by a
thin solid line after a completeness correction has been applied. The maximum likelihood best–fit Gaussian profile,
which includes the effects of photometric error and background contamination, is superposed as a thick solid line.
Note that the fitting procedure does not use binned data.
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Table 1. Globular Cluster Luminosity Function Parameters
Prole m
0
V
 (m{M)
(mag) (mag) (mag)
(1) (2) (3) (4)
Gaussian 25.08  0.10 1.34  0.06 32.35  0.23
t
5
25.02  0.10 1.05  0.06 32.29  0.23
Notes to Table 1.
(1) Prole for GCLF t; (2) Apparent magnitude of the GCLF turnover; (3) Dispersion of the
GCLF; (4) Distance modulus assuming M
0
V
= {7.62  0.2 and a metallicity correction of 0.35.
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This figure "plate1.jpg" is available in "jpg"
 format from:
http://arxiv.org/ps/astro-ph/9611141v1
